Abstract physiological tonoplast potentials (Hedrich and Neher, 1987; Allen and Sanders, 1996; Tikhonova et al., 1997 et al., 1999). Especially under stress convalues of 10 and 35 mM at −60 mV and +100 mV, ditions, which are known to increase cellular polyamine respectively.
Introduction effect of cytosolic (and vacuolar) Mg2+ on FV channels was studied in barley mesophyll vacuoles at the single Two different cation channels, the so-called slow activatchannel level as well as with whole vacuoles, to answer ing vacuolar (SV ) ion channel and the fast activating the question whether Mg2+ contributes to the regulation vacuolar ( FV ) ion channel seem to be ubiquitous in plant of FV channels under physiological conditions. tonoplast membranes. The SV channel is activated by cytosolic free Ca2+ concentrations in the micromolar range and by positive tonoplast potentials (Hedrich and Materials and methods Neher, 1987; Reifarth et al., 1994; Pottosin et al., 1997) . In contrast to the SV channel, the FV channel is active Barley (Hordeum vulgare L.) mesophyll protoplasts were isolated as described . A strong suction pulse at physiological cytosolic free Ca2+ (<1 mM ) and at applied with a patch-microelectrode ruptured the plasma currents. Current amplitudes measured at 20 mM and membrane of a single selected protoplast to release a vacuole.
200 mM free Mg2+ were normalized to control currents Patch-clamp 
Results
ing vacuolar currents nearly completely vanished. Only at large positive (>60 mV ) or negative (<−60 mV ) To record large instantaneously activating whole vacuole (FV ) currents at positive and negative potentials, Ca2+ potentials did vacuolar currents became significantly larger than the leak current which is indicated by a was kept low (<1 nM ) on both sides of the vacuolar membrane . Under these condimeasurement with 2 mM cytosolic Mg2+ (Fig. 2) . Single-channel recordings of the FV channel were cartions, whole vacuole I/V relationships display a characteristic non-linear shape ( Fig. 1B) due to the voltageried out with isolated cytoplasmic side-out membrane patches (Fig. 3 ). Measurements were performed in the dependent open probability of the FV channel . Increasing concentrations of absence of Ca2+ (<1 nM ) on both sides of the vacuolar membrane to enable single-channel activity at positive free Mg2+ on the cytosolic side of the vacuolar membrane resulted in decreasing vacuolar currents. At 20 mM Mg2+ and negative membrane potentials. Increasing cytosolic free Mg2+ concentrations resulted in decreasing FV chaninstantaneously activating vacuolar currents were diminished by more than one-third, and at 200 mM Mg2+ they nel activity whereas single channel amplitudes were not affected ( Fig. 3A) . Reversibility of the inhibition by cytowere diminished by more than two-thirds (Fig. 1A, B) . At 2 mM Mg2+ vacuolar currents vanished (Fig. 2) and solic Mg2+ was shown by returning to the control solution at the end of the experiment (Fig. 3B) . For a quantitative the remaining currents did not differ significantly from leak currents (R≥1 GV). Similarly, when 100 mM K+ in description of the effect of cytosolic Mg2+ time-averaged FV channel-mediated currents were calculated. This is the bath was substituted by 50 mM Mg2+ measured vacuolar currents did not significantly differ from leak the total time-averaged ion current across the membrane patch minus the leak current, which is given by the level Discussion where all channels are closed. Time-averaged FV channelmediated currents were normalized to the control without Increasing free Mg2+ concentrations on the cytosolic as well as on the vacuolar side of the tonoplast inhibit cytosolic Mg2+ ( Fig. 3B ). An increase of the cytosolic free Mg2+ concentration to 20 mM caused a decrease of FV channels. Single channel measurements demonstrate that binding of Mg2+ to the cytosolic side of FV channels FV channel-mediated currents to 45±6% at +60 mV and to 39±8% at −60 mV. With 200 mM Mg2+ FV channeldiminished the open probability of the channel whereas amplitudes of single channel currents remained mediated currents decreased to 9±2% at +60 mV and to 2±1% at −60 mV. This is in good agreement with unchanged. This is comparable to the inhibition of FV channels by cytosolic Ca2+ ) whole vacuole measurements: an increase of the free cytosolic Mg2+ concentration to 20 mM caused a decrease or cytosolic polyamines (Brü ggemann et al., 1998; Dobrovinskaya et al., 1999) which all decrease the open of fast activating vacuolar currents to 50±1% at +60 mV and to 29±2% at −60 mV, and an increase to 200 mM probability of FV channels without affecting single channel current amplitudes. The inhibition of FV channels by caused a decrease to 9±1% at +60 mV and to 4±2% at −60 mV (Fig. 1C ) .
polyamines does not display a significant voltage- dependence (Brü ggemann et al., 1998; Dobrovinskaya et al., 1999) , whereas the inhibition of FV channels by Mg2+ showed a clear voltage-dependence ( Fig. 1C, D) . It should be noted that cytosolic free Ca2+ under physiological conditions is likely to be a poor, if any, regulator of FV channels, in contrast to polyamines (and Mg2+, see below) which effectively close FV channels at concentrations occurring in plant cells. Little is known about the effect of Mg2+ on vacuolar ion channels. It seems to be clear that the SV channel is permeable for Mg2+ (Allen and Sanders, 1996; Pottosin et al., 1997) . It is, however, a matter of debate whether (Allen and Sanders, 1996) or not . vacuolar side ( Ward and Schroeder, 1994) and seems therefore, in contrast to the FV channel, not to be blocked by divalent cations at the vacuolar side. For vacuoles through the pore into the cytoplasm ( Whitehead et al., 1998) . It is likely that cytosolic Mg2+ functions to gate from the storage tissue of Beta vulgaris an activation of instantaneous and time-dependent vacuolar currents this channel.
In animal cells Mg2+ modulation of K+ channels is at millimolar cytosolic Mg2+ concentrations has been reported (Davies and Sanders, 1995) . The NH+ 4 perwell established (Breitwieser, 1996) . Cytosolic Mg2+ (and polyamines) mediate the characteristic inward rectificameable channel of the symbiotic membrane from soybean nodules is blocked by cytosolic Mg2+ and this block is tion of inward rectifier K+ channels (members of K ir superfamily). Cytosolic Mg2+ competes with K+ for relieved when Mg2+ is dislodged by univalent cation flux access to the pore, preventing or reducing outward current when applied from the vacuolar side, acts as a more efficient inhibitor compared to Ca2+ ( Fig. 2) . Cytosolic at potentials more positive than the K+ equilibrium potential ( Vandenberg, 1987; Matsuda, 1987) . This rapid free Mg2+ concentrations in animal cells range from 0.2 to 2 mM (McGuigan et al., 1991; Romani and Scarpa, open-state voltage-dependent block ( Woodhull, 1973; Yang et al., 1995) of inward rectifier K+ channels in 1992). For mung bean root tip cells values of 0.4 mM for cytosolic free Mg2+ were estimated ( Yazaki et al., 1988 ). animal cells is clearly different from the slow bell-shaped voltage-dependent inhibition of FV channels by Mg2+
Using ion-selective microelectrodes a cytosolic free Mg2+ concentration of 1.3 mM was measured in the unicellular described here (Fig. 1C ) . In this context it should be mentioned that the inward rectification observed for plant green alga Eremosphaera viridis ( Thaler, 1991) . However, it later turned out that this value was overestimated plasma membrane K+ channels of the KAT family is Mg2+-independent and is intrinsic to the channel (Hoshi, (Bethmann, 1998) . At cytosolic free Mg2+ concentrations below 1 mM the FV channel has a considerable activity 1995; Schroeder, 1995; Hedrich et al., 1995) . The bellshaped voltage-dependence of the inhibition of FV chan- ( Fig. 1D) and changes in the range of free Mg2+ concentration between 0.1 and 1.0 mM could effectively regulate nels by cytosolic Mg2+ (Fig. 1C ) is very similar to the bell-shaped voltage-dependence of the open probability FV channels. It seems likely that cytosolic Mg2+ downregulates a large portion of FV channels bringing currents of FV channels . This observation and a detailed kinetic analysis of FV channel inhibition of some A m−2 (Fig. 1B) to a more physiological range of some mA m−2. For comparison, maximum pump curby cytosolic Ca2+ and Mg2+ (LI Brü ggemann, II Pottosin, G Schö nknecht, unpublished results) led to the rents of the V-ATPase of barley mesophyll vacuoles are 20 mA m−2 (G Schö nknecht, unpublished results). conclusion that divalent ions probably affect the channel by selective binding to closed versus open channel states at a regulatory site outside the channel pore rather than
